creased from 878 t 17 to 2,076 k 65 mm/s2 from stuge 18 to 29 . Myocyte percent volume of myofibrils increased from 16.7 t 0.9% at stage 18 to 23.6 t 1.1% at stage 27 and diminished to 18.4 t 0.8% at stage 29. Mitochondrial percent myocyte volume remained constant at about 11%. These data define the parameters of normal ventricular function and morphology during embryonic development in the chick. ventricular weight; ventricular blood pressure; myocardial myocyte; dP/dt; dV/dt THE HEART IS THE FIRST functioning organ in the embryo. Myoblasts derived from the embryonic splanchnic mesoderm are organized in a homogenous layer of cells surrounding the cardiac tube. In the chick embryo, myofilaments begin to form within the myoblasts at stage 9' (29-33 h of incubation), and the heart tube starts to pulsate at stage 10 (33-38 h) . Blood flow to the embryonic and extraembryonic circulation starts at stage 12 (45-49 h of incubation) (11) . During the X-day incubation period, the heart provides circulatory support for the embryo while undergoing morphogenesis from the cardiac tube to the complex, four-chambered heart.
Embryologists have long hypothesized that there is an interrelationship between form and function in the developing cardiovascular system. The difficulty in defining the relationship has rested on the lack of techniques to quantify the hemodynamics of the early circulation. Recently, we applied pulsed-Doppler technology and servo null pressure system to measure cardiovascular function in the chick embryo (5). We found a marked increase in hemodynamic function with development. We hypothesized that developmental changes in morphological characteristics of the embryonic heart parallel the increase in hemodynamic function. In this paper, we describe the changes in ventricular and embryo weight during development (from stages 18 to 43). We also measured the proportional volume of mitochondria and myofibrils in myocardial myocytes, ventricular pressure, and dorsal aortic blood velocity from stages 18 to 29, the period of rapid cardiac morphogenesis. These results define the changes in ventricular function that occur with development in the chick embryo.
METHODS
Fertile white Leghorn eggs were incubated in a forceddraft, con stant-humidity incubator and staged by the system of Hamburger and Hamilton (9) l Embryonic and ventricular weights. Wet and dry embryo and ventricular weights were measured from stage 18 (3 days) to stage 43 (19 days ). An embryo was removed from the shell after the extraembryonic membranes were stripped away. It was then gently blotted to remove excess water and weighed on a Mettler balance accurate to +lO pg. A ventricle including the conotruncus was -weighed after the vessels distal to the aortic sac and atria were trimmed off. For dry weight, the embryo or heart was heated in an oven at 80°C for 3 h and transferred to a desiccator containing silica gel for 12-24 h. At stages 18-29, 9 or 10 hearts were pooled for each measure of wet and dry weight, while from stage 31to 43 hearts were weighed individually. In this study we determined the relative fractions (volume densities) of mitochondria, myofibrils, and glycogen. All other cytoplasmic organelles (e.g., ground substance, sarcoplasmic reticulum, lipid) were categorized as sarcoplasm.
The individuals counting the micrographs (Dummett and Vandekieft) were unaware of the embryo stage. Intra-and interobserver errors were determined by t test on repeat counts of 10 micrographs. The intraobserver correlation was high, with the lowest P value of 0.25 for an individual and 0.17 for the two observers. Interobserver correlation was also high as the lowest P value was 0.62.
Hemodynamic measurements. For in ovo physiological measurements, an egg was removed from the incubator and positioned on a dissecting microscope stage. We opened the shell and removed the outer and inner shell membranes to expose the embryo.
We measured ventricular pressure with a servo null pressure system that is accurate over the range of O-30 and has a rapid response from 10 to 90% in 20 ms (5). dP/dt was electronically derived from the pressure curve by a differentiating channel that was calibrated with a ramp voltage generator. The 5-to 7-pm-diameter tip of the glass pressure cannula was inserted through the ventricular wall to measure the ventricular pressure (Fig.  1) . The phasic and differentiated ventricular pressures were recorded ( Fig. 2A) . The zero pressure was measured by positioning the micropipette tip in the extraembryonic fluid at the level of the ventricle. An individual value for dP/dt was determined by averaging the peak value of 40 consecutive pressure curvesWe measured dorsal aortic blood velocity with a 20-mHz pulsed-Doppler velocimeter that is accurate over a range of O-16 mm/s (y = 0.85~ -1.15, r2 = 0.99, SEE = 0.49 mm/s) (5). dV/dt was electronically derived from the velocity curve by a differentiating channel that was calibrated with a ramp voltage generator. The I-mm piezoelectric crystal was positioned at a 45" angle over the dorsal aorta at the level of the sinus venosus. Phasic and differentiated dorsal aortic blood velocities were recorded (Fig. ZB ). An individual value for dV/dt was determined by averaging the peak value of 40 consecutive velocity curves.
The data are shown as means t SE of the mean for embryo and ventricular weight, ventricular pressure, dorsal aortic blood velocity, and proportional measurements of cell volume. The relationship of ventricular to embryo weight was determined by ratio analysis as well as by log-log plot.
V RESULTS
V
Ventricular and embryonic weights from stages 18 to 43 (Table 1) . Both wet and dry ventricular weights increased during development. However, the ratio of heart to embryo weight decreased from 0.02 to 0.001 just prior to hatching. When expressed as log ventricular wet weight versus log embryo wet weight, there was a linear correlation (Fig. 3) . The dry weight log-log relationship was similar to the wet weight relationship (logdrY y = 0.8295 logdw x -1.634, r = 0.995).
Myocyte proportion measurements from stages 18 to 29 ( period of development.
Hemodynamic measurements from stages 18 to 29 (Table 3). At stage 18, the ventricular early diastolic pressure was near zero, and the end-diastolic pressure was accentuated presumably by the contributed volume of atria1 systole ( Fig. 2A) . With development, systolic, end-diastolic, and ventricular dP/dt pressures increased. Among embryos of the same stage, ventricular dP/dt was unrelated to heart rate. The dorsal aortic blood velocity tracing showed only antegrade blood movement, suggesting that the conotruncal cushions act as valves in the outflow tract of the embryonic heart. (Fig. ZB ) Aortic blood velocity increased with development as did dV/dt. However, among embryos of the same stage, we observed no relationship between dV/dt and heart rate.
DISCUSSION
Understanding the relationships between ventricular morphology and hemodynamic function in the chick is important in the eventual understanding of mechanisms of cardiac development.
Ventricular
weight changes rapidly during development in the chick. We found that the relationship between ventricular and embryo weight was not linear as the ventricular-to-embryo weight ratio declined during development. Our measurements of embryo weight agree with those reported by Romanoff (16) and Van Mierop and Bertuch (18) .
The linear log-log, ventricular-to-embryo weight ratio is similar to the heart-to-body weight ratio noted among animals. Relative heart weight is greatest in newborn animals and declines as the animal matures (15). Among mature animals of different sizes, the larger the animal the relatively smaller its heart weight (8). The greater relative heart weight early in development may relate to the circulatory requirements of the embryo. In the chick, vascular resistance is initially high and decreases as new resistance units are added to the circulation (5). Intracellular organization of the myocytes is also changing rapidly with development. Myofibrils first appear in the chick cardiac myocytes at stage 9+ but account for only a small proportion of the cell volume (11) . Between stages 18 and 29 we noted an increase and subsequent fall in the proportion of myofibrils. The myofibrils became more organized with development, and assumed a more orderly arrangement, presumably parallel to lines of stress. However, we could not quantitate the alignment process, since there is no reference point for comparison.
In the lamb and rat, mitochondrial and myofibril volume increase during development. Brook et al. (2) noted a progressive increase in the number and organization of intracellular organelles beginning in the 29-day-old fetal lamb. Hirakow and Gotch (10) noted that in the rat Values are means + SEM; n, no. of preparations.
cardiac myocyte, myofibrils increased from 22% at day 16 to 35% at day 25 (birth) while mitochondrial percent the percent volume of mitochondria and myofibrils durvolume increased from 17 to 35%. On the basis of these ing later development in the chick embryo.
data, we hypothesize that there is a further increase in
The relationship of myofibril organization to heart function is unclear. At the electron microscopic level, the randomly arranged myofibrils seem incapable of coordinated myocardial contraction. Only a portion of the myofibrils, those with sarcolemmal attachment, may be functional while others are in various phases of assembly (11) . However, when the whole heart is viewed under polarized light, there are hoop-like bands of myofibrils that encircle the heart. (13) Circumferential contraction of the tubular heart would be very efficient. With increasing geometric complexity of the septating heart, the lines of stress and strain would change. We hypothesize that the final organization of the myocardium is in part determined by the hemodynamic forces interacting with the developing ventricular walls.
With the changes in cardiac morphology, there are remarkable changes in hemodynamic function. The ventricular systolic pressure rapidly increased nearly threefold from stages 18 to 29. The systolic pressure noted in our studies were similar to those reported by Paff et al. (14) , who used a modified Landis apparatus, and Faber (6), who used an electromechanical transducer. We were not able to make exact comparisons with the other workers' data, because they reported embryo development by incubation day, which is more variable than morphological stage. We noted a gradual increase in ventricular diastolic pressure, which we hypothesize is due to a decrease in ventricular compliance as the heart walls thicken. The decline in early diastolic pressure to near zero implies that wall stress changes markedly during the cardiac cycle. Changing wall stress is likely an important extrinsic factor in the regulation of myocardial formation (19) .
The contour of the ventricular pressure curve in the embryo is markedly similar to that recorded from a mature heart. The distinct early diastolic pressure suggests that the endocardial and bulbar cushions have a valve-like function in the early heart. We speculate that the accentuation in the end-diastolic pressure is due to atria1 systolic augmentation of ventricular filling. Pump performance of the embryonic ventricle increased with development. dP/dt and dV/dt, preejection and ejection phase indexes of cardiac performance, respectively, are directly related to preload, myocardial contractility, and heart rate and are inversely related to afterload. With expansion of the vascular system, we expect that preload increases with development.
The progressive increase and alignment of myofibrils would increase myocardial contractility.
Afterload, as measured by vascular resistance, decreases markedly from stages 18to 29(4).-
The relationship between ventricular function and heart rate is less clear. Between stages, dP/dt and heart rate increased. However, among embryos at each stage, we did not find a relationship between dP/dt and heart rate. Investigators who found a relationship between dP/ dt and heart rate studied the same fetal animal at different paced heart rates (7, 17). We measured the dP/dt at naturally occurring, rather than at art&ally paced heart rates.
At each stage, ventricular systolic pressure was higher than the vitelline arterial pressure (5). At stage 18 the difference was 0.49 mmHg and increased progressively to 1.45 mmHg at &ge 29. The aortic arches and dorsal aorta are the vascular channels between these two points in the cireu2ation. We hypothesize that this pressure drop may be important in the mechanism of aortic arch selection. Cardiac embryologists have long suggested that the aortic arches are selected by vectorial distribution of aortic arch blood flow (3). Such a pressure difference could provide the energy necessary for the orientation of vecterial blood flow.
From these studies, an intriguing question arises. Does functional load affect ventricular development?
In the earliest stages of heart development, cardiac looping can proceed in the absence of pump function of the heart (12) . However, at what point in development does the embryonic ventricle respond to increased work load? There is indirect evidence from human congenital heart defects to suggest that growth can be accelerated in the developing heart (1). The existence of a feedback mechanism by which ventricular function, in part, controls ventricular growth may be the early manifestation of growth processes responsible for ventricular hypertrophy in the mature animal.
